Minimizing losses to pests and diseases is essential for producing sufficient food to feed the world's rapidly growing population. The necrotrophic fungus Botrytis cinerea triggers devastating pre-and post-harvest yield losses in tomato (Solanum lycopersicum). Current control methods are based on the pre-harvest use of fungicides, which are limited by strict legislation. This investigation tested whether induction of resistance by b-aminobutyric acid (BABA) at different developmental stages provides an alternative strategy to protect post-harvest tomato fruit against B. cinerea. Soildrenching plants with BABA once fruit had already formed had no impact on tomato susceptibility to B. cinerea. However, BABA application to seedlings significantly reduced post-harvest infection of fruit. This resistance response was not associated with a yield reduction; however, there was a delay in fruit ripening. Untargeted metabolomics revealed differences between fruit from water-and BABA-treated plants, demonstrating that BABA triggered a defence-associated metabolomics profile that was long lasting. Targeted analysis of defence hormones suggested a role of abscisic acid (ABA) in the resistance phenotype. Post-harvest application of ABA to the fruit of water-treated plants induced susceptibility to B. cinerea. This phenotype was absent from the ABA-exposed fruit of BABA-treated plants, suggesting a complex role of ABA in BABA-induced resistance. A final targeted metabolomic analysis detected trace residues of BABA accumulated in the red fruit. Overall, it was demonstrated that BABA induces post-harvest resistance in tomato fruit against B. cinerea with no penalties in yield.
Introduction
With 163 9 10 6 tonnes being produced annually, tomatoes (Solanum lycopersicum) are by weight the eleventh largest global commodity (FAOSTAT, 2013) . However, as with many crops, yields of tomato are significantly limited by losses to pests and diseases. One key pathogen that contributes to yield reductions in tomatoes is Botrytis cinerea, the species responsible for grey mould disease. Botrytis cinerea is a necrotrophic ascomycete with a host range of over 200 plant species, including a number of vegetables and soft fruits. In addition to its broad range of hosts, this pathogen produces large numbers of spores and is able to survive in a dormant state in soil. As a result, the fungus is present in a wide range of environmental conditions (Hahn et al., 2014) including the fridge, where it is able to grow successfully. Thus, cold storage is an unsuitable strategy for combating this pathogen. Botrytis cinerea is so prolific that out of all fungal pathogens infecting plants, in terms of scientific and economic importance, it was ranked second by the international fungal pathology community (Dean et al., 2012) .
In tomato, B. cinerea is particularly problematic as not only can it decimate green tissue, reducing yield potential, but it can also infect the fruit. Consequently, postharvest losses in tomatoes are a significant problem, with as much as 50% of yield being lost in the developing world to pests, diseases and damage (FAO, 1989) . With the world's population projected to increase to more than 9.7 billion by 2050, global crop production will need to be doubled in order to meet the increased demand for food. Reducing yield losses to pests and diseases will be an important step towards achieving this challenge (Godfray et al., 2010) .
Over the last 50 years, the most common strategy to combat pests and diseases has been the application of chemical pesticides. Furthermore, the primary method for reducing post-harvest losses to B. cinerea in soft fruit and vegetables, including tomato, is pre-harvest fungicide application (Elad et al., 2007) . In recent years, there has been a decline in the volume of chemical pesticides used annually in the UK. The major reason for this reduction is not a decline in pest and disease outbreaks; instead it is because research has highlighted the potential risks to the environment of applying pesticides, which has led to greater restrictions on their use (Elad et al., 2007) . Furthermore, pesticide resistance is a major problem. This particularly concerns species that produce large numbers of spores and are thus capable of rapid evolution, such as those belonging to the genus Botrytis (Leroch et al., 2011) . Consequently, these issues require the innovation of alternative control methods to successfully increase agricultural productivity and meet future food demands in a sustainable manner (Luna, 2016) .
One possible control method is the augmentation of plants' innate defence mechanisms. Natural stimuli such as localized pathogen attack (systemic acquired resistance) and colonization of plant roots by beneficial soil microbes such as Pseudomonas putida (induced systemic resistance) can result in systemic resistance against future attack by biotrophic and necrotrophic pathogens, respectively (Ton et al., 2002) . Induced resistance is not achieved through a costly constitutive expression of defence mechanisms, but instead it is most probably explained by an energy-efficient sensitization of these defence mechanisms known as priming (van Hulten et al., 2006; Martinez-Medina et al., 2016; Mauch-Mani et al., 2017) . Under benign conditions, the expression of defence mechanisms in primed plants is weak. However, when primed plants are challenged, their basal defence response is up-regulated faster and more strongly than in unprimed plants and thus is more likely to provide resistance (Conrath et al., 2006) . The sensitization of plant defences provides a viable alternative or powerful complement to pesticide use, as part of an integrated disease management (IDM) strategy (Conrath et al., 2015; Luna, 2016) .
Priming of defence is not only induced by biotic stimuli but also by abiotic agents including a variety of chemicals (Conrath et al., 2015) . For instance, application of the phytohormones salicylic acid (SA) and jasmonic acid (JA) can prime plant defence (Pastor et al., 2013) . Also, treatment with b-aminobutyric acid (BABA), a non-protein amino acid, has been demonstrated to prime defence and induce resistance in multiple plant species against a variety of biotic (Jakab et al., 2001) and abiotic stresses. In Arabidopsis thaliana (referred to as Arabidopsis hereafter), this outstanding performance is the result of BABA priming both SA-dependent and -independent defences (Zimmerli et al., 2000; Ton et al., 2005) . This occurs following the binding of the active enantiomer, (R)-BABA, to the identified BABA receptor in Arabidopsis, an aspartyl-tRNA synthetase (AspRS; Luna et al., 2014a) . Binding of (R)-BABA blocks the AspRS's canonical function, which results in the accumulation of aspartate and uncharged tRNA. Moreover, it is known that BABA, at relatively high concentration, suppresses plant growth (Wu et al., 2010) . Luna et al. (2014a) demonstrated that this stress response is dependent on the accumulation of uncharged tRNA and therefore, that BABA-induced resistance (BABA-IR) and BABAinduced stress responses are controlled by different signalling pathways.
In tomatoes, BABA-IR has been shown to protect green tissue against B. cinerea when BABA is applied by spray (Cohen, 2000) or by soil drench . In addition, BABA-IR has been shown to be long lasting following application at the seed or seedling stage (Worrall et al., 2012; Luna et al., 2016) . However, the effect of BABA on the post-harvest defence response is not understood. In the present study, it was investigated whether BABA-IR can persist post-harvest, making tomato fruit more resistant to B. cinerea, following treatment with BABA at the seedling (Experiment 1) or fruiting stages (Experiment 2). As treatment with BABA can result in growth reductions and fitness costs (van Hulten et al., 2006; Wu et al., 2010) , the effect on the economically important yield and fitness parameters of tomato was determined. To unravel the mechanisms by which BABA enhances resistance, an untargeted metabolomics analysis was carried out. This was followed by a targeted analysis of phytohormones associated with defence responses against B. cinerea (Audenaert et al., 2002; Asselbergh & H€ ofte, 2007) . Based on the findings of this targeted analysis, the impact of exogenous application of the phytohormone abscisic acid (ABA) on the induced resistance phenotype was assessed. Finally, the accumulation of BABA in the fruit was investigated.
Materials and methods

Plant materials and growth conditions
Seeds of the tomato cultivar Micro-tom (Solanum lycopersicum 'Micro-tom', originally distributed by A Levy, Israel, and kindly provided by Dr Victor Flors) were maintained at 28°C, in damp and humid conditions, for 4 days to stimulate germination. Germinated seeds were transferred to individual pots containing Scott's Levington M3 soil (Everris) and grown under 14 h/10 h day/night cycles, 25°C/20°C day/night temperatures, 60% humidity and 160 lmol m À2 s À1 irradiance for 12 weeks.
b-aminobutyric acid (BABA)
BABA was sourced from Sigma Aldrich. Solutions of BABA were made up fresh each time in distilled water (dH 2 O) to the specified concentrations. Concentrations were selected based on previously described work by Luna et al. (2016) . 
Fitness parameters
Fruit number and fruit ripening was assessed by counting the number of (red) fruit at different times during the 12 weeks of growth. In addition, the tomatoes harvested for infection (see below) were photographed and the diameters calculated digitally using PHOTO-SHOP CS5 (Adobe Systems Inc.). Finally, the average percentage water content of tomatoes from different treatments was measured. Four red tomatoes were harvested from each of the plants and weighed to measure their combined fresh weight (FW). The tomatoes were then dried for 2 days at 100°C in individual tinfoil cases (one per plant). Following drying the combined dry weight of the four tomatoes was measured, with the difference between FW and dry weight (DW) corresponding to the water content.
Botrytis cinerea cultivation and inoculation method
Botrytis cinerea cultivation and infection was performed as previously described in Luna et al. (2016) with modifications. Inoculum was prepared by combining 3 mL of spore suspension containing 1.4 9 10 5 spores per mL, 3.3 mL of 100 mM glucose and 2.2 mL of 100 mM KH 2 PO 4 , giving a final spore concentration in the inoculum of 5 9 10 4 spores per mL. At 12 weeks post-planting, four red tomatoes were harvested from each plant and placed with the tip pointing upwards on plastic frames laid out in a tray containing wet absorbent paper. A needle was used to create an approximately 2 mm deep wound at the tip of the tomato. To each wound, a 5 lL drop of 5 9 10 4 spores per mL inoculum was added. The tomatoes were then incubated in the dark at 100% humidity and 23°C.
Disease scoring in tomatoes
At 3 days post-inoculation (dpi), the diameter of the visible necrosis on the top of each infected tomato was measured using Vernier callipers. At 4 dpi, the same infected tomatoes were classified into one of four classes, based on their visible external necrosis characteristics ( Fig. 1c) : class I -no external mycelium or signs of necrosis, healthy tomato; class II -external mycelium + necrosis diameter <10 mm; class III -external mycelium + necrosis diameter >10 mm; class IV -tissue collapse, whole tomato necrotic, lesion diameter = tomato diameter.
Metabolite extraction
At 12 weeks post-planting, one red tomato was harvested from each of four plants from each of the treatments (experiment 1 Figure 1 Post-harvest disease resistance of tomatoes. In experiment 1, 2-week-old seedlings were soil drenched with either 0.5 mM BABA or water. In experiment 2, mature plants were treated with either water or 1 mM BABA when the fruit were green or when the fruit were red. (a) Representative pictures of disease lesions in tomatoes from the five treatments. (b) The mean lesion diameter, AE standard error of the mean, of tomatoes at 3 days post-inoculation (dpi). Asterisk indicates a statistically significant difference (Student's t-test; P < 0.05; n = 8). (c) The percentage of tomatoes from each treatment classified into each of four classes based on external necrosis at 4 dpi. Class I (white) -no external mycelium or signs of necrosis, healthy tomatoes; class II (pink) -external mycelium + necrosis diameter <10 mm; class III (light red) -external mycelium + necrosis diameter >10 mm; class IV (dark red) -tissue collapse, whole tomato necrotic, lesion diameter = tomato diameter. Asterisk indicates a statistically asignificant difference (Pearson's chi-squared test; P < 0.05, n = 32).
and 2). For each tomato, 0.5 g of pericarp was crushed to a fine powder with a liquid nitrogen-cooled pestle and mortar. The powder was suspended in 1 mL of extraction buffer (methanol: dH 2 O:formic acid, 95:4.9:0.1 v:v:v), following which it was vortexed for 2 s and then centrifuged at 19 000 g and 4°C for 10 min. A total of 900 lL of supernatant was removed and the pellet was resuspended in 500 lL of extraction buffer. The pellet and extraction buffer were vortexed for 10 s and then centrifuged for 10 min at 19 000 g and 4°C. A total of 400 lL of supernatant was removed and pooled with the first 900 lL of supernatant. The pooled supernatant was vortexed for 2 s and then centrifuged at 19 000 g and 3°C for 10 min. The 1200 lL of supernatant was split equally between three aliquots and then placed overnight in a speed-vacuum concentrator (SpeedVac Plus SC210A; Savant) coupled to a refrigerated vapour trap (RVT100; Savant) to remove all moisture. To preserve the samples between extraction and analysis, dried aliquots were stored at À80°C.
Metabolomics by ultra-performance liquid chromatography coupled to quadrupole-orthogonal time-of-flight mass spectrometry (UPLC-qTOF-MS) Dried samples were resuspended in 100 lL of methanol:dH 2 O:-formic acid (50:49.9:0.1, v:v:v), sonicated in cold water for 20 min, vortexed and then centrifuged at 19 000 g for 15 min at 4°C. The resulting supernatants (80 lL) were transferred into glass vials prior to UPLC-qTOF-MS. Mass spectra of the tomato pericarp extractions were recorded in positive (ESI + ) and negative (ESI À ) electrospray ionization modes using an ACQUITY UPLC system interfaced to a SYNAPT G2 qTOF mass spectrometer with an electrospray source (Waters). Metabolite separation was achieved with an ACQUITY UPLC BEH C18 column (2.1 9 50 mm, 1.7 lm; Waters) protected by a pre-column (VanGuard, 2.1 9 5 mm, 1.7 lm; Waters) at a solvent flow rate of 0.6 mL min
À1
. The solvent A (water with formic acid 0.05%, v/v) and solvent B (acetonitrile with formic acid 0.05%, v/v) gradient was as follows: 0-3 min 5-35% B, 3-6 min 35-100% B, 6-7.5 min 100% B, 7.5-7.6 min, 100-5% B. The injection volume was 10 lL and the column was kept at 40°C. Blank samples (methanol:dH 2 O, 50:50, v:v) were injected between each treatment condition. Detection by SYNAPT G2 was performed with a scan time of 0.2 s for full scan (MS) and at elevated energy mode (5 to 45 eV, MS E ), over a mass range of 50-1200 Da. The following conditions were used for ESI À : capillary voltage À3 kV, sampling cone À60 V, extraction cone À3.5 V, source temperature 120°C, desolvation temperature 350°C, desolvation gas flow 800 L h . Accurate mass measurements for each run were ensured by using the lockmass leucine enkephalin as the internal reference. MASSLYNX v. 4.1 (Waters) was used to operate the system. XCMS in R v. 3.1.3 was used to integrate metabolic signals with a correction for total ion current and median fold change. Resulting m/z intensities were corrected for FW of each sample. Metabolic similarities/trends between biological treatments were visualized by unsupervised 3D principal component analysis (3D-PCA) using METABOANALYST v. 3.0 (http://www.metaboan alyst.ca/). MARVIS v. 2.0 (http://marvis.gobics.de) was used to filter metabolic markers (Student's t-test P < 0.01) and correct for adducts and/or isotopes. The resulting 289 significant markers were clustered using MEV (http://www.tm4.org/mev.html) and their intensities displayed as a heatmap. Subsequent volcano plots were performed in METABOANALYST in order to select markers that were significantly up-/down-regulated (Student's t-test, P < 0.01) by more than 2-fold. As described by P etriacq et al. (2016b), the putative identification for each marker was based on the accurate mass spectral data screened in MARVIS (tolerance: m/z = 0.1 Da, RT = 10 s) and the METLIN online chemical database (https://metlin.scripps.edu/index.php). PubChem was used to validate the putative pathways (https://pubc hem.ncbi.nlm.nih.gov/).
Quantification of defence hormones
The relative quantification of phytohormones was performed using the MS E function in ESI À as described by P etriacq et al. (2016a) . Salicylic acid glucoside (SAG) and salicylic acid glucosyl ester (SGE) were provided by Dr Victor Flors (Universitat Jaume I, Castell on, Spain).
Post-harvest treatment of tomatoes with abscisic acid (ABA)
A total of 24 Micro-tom plants were grown and treated as described in experiment 1 (seedling treatments). Fruit were harvested 11 weeks after treatment and treated with either a freshly prepared solution of 100 lM ABA (Sigma Aldrich) or dH 2 O. Both solutions were supplemented with 0.01% (v/v) Silwet L-77 (LEHLE SEEDS, VIS-30) to ensure even application across the fruit. Fruit were incubated at 23°C in the dark for 1 day before being infected with B. cinerea as described above. Infection was scored at 5 dpi. This experiment was repeated twice with similar results.
BABA quantification
Liquid chromatography (LC) ESI tandem mass spectrometry, coupled to a triple quadrupole (TQD; Waters) in positive mode with external standardization, was used to quantify BABA. Dried samples were resuspended in 500 lL of 90:10 dH 2 O: methanol, supplemented with perfluoroheptanoic acid (SigmaAldrich) at 1 mM as a final concentration and filtered through a 0.22 lm filter. The LC separation was performed by high-performance liquid chromatography (HPLC) using a YMC-Pack ODS-AQ HPLC column (Waters; 5 lm particle size, 12 nm pore size, 100 9 2.0 mm). BABA was eluted with a gradient of methanol and water containing 0.1 mM perfluoroheptanoic acid, which started at 90:10 dH 2 O:methanol and linearly reached 10:90 in 5 min, and then returned to the initial concentration in 3 min. The column was allowed to equilibrate for 1 min, giving a total time of 9 min per sample. The solvent flow rate was 0.3 mL min
À1
. The retention time for BABA was 1.07 min and the transition in positive electrospray mode of the parent and daughter ions was 104 and 44, respectively.
Statistical analysis
For analysis of average lesion diameters and fitness parameters of experiment 1 and 2, normal distributions were confirmed by Shapiro-Wilk tests and equality of variances were determined by Levene's test. If normal distributions and homogeneity of the variances could be confirmed, differences in means were analysed using a one-way ANOVA or independent-sample t-tests.
Plant Pathology (2018) 67, 30-41 Furthermore, if there was a significant result from the ANOVA, the means were further analysed with the least significance difference (LSD) post hoc test. If normal distributions or the homogeneity of variances could not be confirmed, differences in means were analysed using the nonparametric Kruskal-Wallis tests or nonparametric Mann-Whitney U-tests. A two-way ANOVA was used, following confirmation of normal distributions and homogeneity of variances, to test the effect of seedling treatment, the exogenous application of ABA and the interaction, on average lesion diameter. Differences in the infection class distributions between treatments were analysed using Pearson's v 2 tests. All analyses were conducted with SPSS v. 22.0 software (IBM).
Results
Impact of BABA treatment on post-harvest disease resistance
In order to investigate the long-lasting effect of chemical priming by BABA on tomato fruit, the resistance of fruit harvested from plants treated with BABA at different developmental stages was assessed. In experiment 1, tomatoes produced by plants that had been treated with BABA at the seedling stage (BABA Seedling treatment), were more resistant to B. cinerea than those produced by the controls (Water Seedling treatment; Fig. 1a) . At 3 dpi, the tomatoes from BABA-treated plants had on average significantly smaller lesion diameters than those from the water-treated controls (Fig. 1b) . Furthermore, at 4 dpi, a greater percentage of tomatoes from BABAtreated plants compared to the water-treated plants were classified into the lower two external necrosis classes (Fig. 1c) . Thus, BABA-IR is capable of protecting tomato fruit post-harvest even though it is induced many weeks before the first emergence of fruit. To establish whether BABA treatment could also induce resistance when applied at a later developmental stage, a second experiment was established with the following three treatments: BABA Green, plants treated with BABA when fruit were green; BABA Red, plants treated with BABA when fruit were red; and Water, plants only treated with water. Fruit from the BABA Green treatment had smaller lesion diameters (Fig. 1b) and were more likely to be classified in one of the lower disease necrosis classes (Fig. 1c) than fruit from the other two treatments. Despite this, there were no significant differences between the three treatments (Fig. 1) . This illustrates that BABA-IR in fruits is not effective when plants are treated after the onset of fruit production.
Impact of BABA treatment on fitness parameters and fruit quality
Costs to yield or other fitness parameters were investigated following treatment with BABA at different developmental stages. At 4 weeks after BABA Seedling treatment, there were significantly fewer fruit on average on BABA-treated plants. At 5 weeks, there was no longer a significant difference (Fig. 2a) . A similar delay was also observed for fruit ripening in the BABA Seedling treatment plants. At 8 weeks after BABA treatment, control plants began to form red fruit, whereas BABA-treated plants began to form red fruit a week later and in smaller numbers (Fig. 2b) . At week 10, the number of red fruit in each of the treatments reached a similar amount. Although there were BABA-induced delays in fruit formation and ripening, by the time the fruit were harvested there was no difference in the yield of red tomatoes. In the second experiment, BABA was applied to plants once fruit had formed. As expected, there was no impact on fruit formation (Fig. S1a) . However, treatment with BABA when the fruit were green did delay fruit ripening. Consequently, at the time of harvesting there were significantly fewer red fruit on BABA Green plants (Fig. S1b) . This second experiment provides further evidence that BABA treatment can slow fruit development.
After harvesting the tomato fruit, their size and water content was assessed. No differences between treatments were found for either experiment (Figs 2c,d & S1c,d) , ruling out these parameters as the cause of differences in resistance.
Changes in the fruit metabolome induced by BABA Seedling treatment: a resistance fingerprint
To gain further insights into the metabolic adjustments in response to BABA treatment, an untargeted metabolomics analysis was conducted by UPLC-qTOF-MS on the fruit of plants treated with BABA or water at the seedling stage (n = 4; Fig. 3 ). Accurately detected m/z values (error = 0.4 ppm) were integrated using XCMS in R v. 3.1.3, providing 12 543 cations and 16 052 anions in ESI + and negative ESI À ion mode, respectively. A 3D-PCA from the resulting ion intensities was performed to obtain an overview of the metabolic profiles of fruit from water-and BABA-treated plants (Fig. 3a) . This 3D-PCA displayed partial separation of water-and BABA-treated samples in ESI À , suggesting an impact of BABA on tomato metabolic profiles. This was confirmed with a hierarchical clustering of 289 significant markers (Student's t-test, P < 0.01) combined from ESI À and ESI + analyses, which indicated clear clustering of the water and BABA treatments (Fig. 3b) . In addition, quantitative differences were detected in an analysis aiming to investigate biologically relevant differences between the two treatments, using volcano plots (Fig. 3c ) which represented statistical significance (t-test, P < 0.01) against fold change (threshold of AE 2-fold). BABA treatment at the seedling stage led to 38 up-regulated (17 in positive ion mode, 21 in negative ion mode) and 38 down-regulated (16 in positive ion mode, 22 in negative ion mode) metabolic markers (Fig. 3c) . Putative identifications were assigned to these 76 markers, based on accurate mass measurements and online databases (Tables S1 & S2) . This putative identification revealed the largest single group, with 32% of the metabolites, as lipids (Fig. 3d) . A third of these were glycerophospholipids, with a number of sterol lipids, fatty acids, fatty acyls and sphingolipids also being significantly up-or down-regulated (Tables S1 & S2) . Alkaloids, flavonoids, carbohydrates and terpenoids (lipids) collectively contributed another 30% of the 76 metabolites (Fig. 3d) . Overall, untargeted metabolomics indicate a long-lasting reorchestration of plant metabolic profiles in tomato after chemical treatment by BABA. Interestingly, most of the putatively identified metabolites fall into categories of compounds known to be involved in stress responses, including plant-pathogen interactions (Bartwal et al., 2013; Piasecka et al., 2015) .
Fruit phytohormone content after BABA Seedling treatment
Relative amounts of the main plant defence hormones were assessed in the fruits of plants treated with BABA or water at the seedling stage (Fig. 4) . The only hormone that differed significantly between treatments was ABA, with the amount accumulated in the fruit of BABA-treated plants being double that of the control treatment (Fig. 4) . SA, along with its glycosylated forms (SAG and SGE) did not differ between treatments and neither did JA, the active form of JA jasmonic acid-isoleucine or methyl-jasmonate (Fig. 4) . Hence, the resistance profile against B. cinerea observed in tomato fruit after BABA treatment could be attributed to the accumulation of the defence hormone ABA.
Impact of post-harvest ABA treatment on the resistance phenotype
Following the observation that there was an accumulation of ABA in the fruit of BABA Seedling plants, an additional experiment was established. Post-harvest, fruit of plants treated with water or BABA at the seedling stage, were sprayed with water or ABA and were infected with B. cinerea the following day. The distributions of mean lesion diameter per plant were analysed using a two-way ANOVA. There was a significant effect of the seedling treatment (F = 17.84, d.f. = 1,44, P < 0.001; Fig. 5a ) and the interaction between seedling and fruit treatments (F = 6.04, d.f. = 1,44, P < 0.05; Fig. 5a ). When disease symptoms were observed at 5 dpi, fruit from BABA Seedling plants were significantly more resistant to B. cinerea than fruit from Water Seedling plants, as observed previously (Fig. 5b) . However, treatment with ABA increased susceptibility in the fruit of plants treated with water, but not in fruits from plants treated with BABA (Fig. 5b) . This provided further evidence of the role of ABA in BABA-IR post-harvest.
Is BABA retained in the red fruit and present post-harvest?
The BABA content in harvested red fruit from the five treatments of experiments 1 and 2 was quantified. BABA was not detected in the fruit of either water controls (Fig. 6 ). However, it was detected in tomatoes of the experiment 1 BABA Seedling treatment (Fig. 6) . Furthermore, while BABA was not detected in the fruit of plants treated postripening (BABA Red treatment), BABA contents were 8-fold greater in the fruit of the BABA Green treatment than in the BABA Seedling treatment (Fig. 6 ). This suggests that not only is BABA translocated from vegetative tissue into fruit but also that BABA is metabolized very slowly.
Discussion
This study has shown how treatment with BABA at the seedling stage can generate long-lasting protection, Plant Pathology (2018) 67, 30-41 resulting in the fruit being more resistant to grey mould (B. cinerea) post-harvest. In addition, it has been observed that BABA treatment induces a delay in fruit production and ripening, although this was eliminated by the time harvest was reached. Thus, BABA-IR has the potential to reduce post-harvest losses in tomatoes without yield costs. While previous studies have demonstrated the ability of BABA-IR to protect tomato green tissue and be long lasting (Worrall et al., 2012; Luna et al., 2016) , this is the first example of BABA-IR extending to protect fruit post-harvest. The degree of necrosis in the fruit of the plants treated with BABA at the seedling stage was significantly less than in the controls; however, the fruit were not completely resistant. This is similar to observations in other publications that describe BABA-IR against B. cinerea . Priming, the most likely explanation for the long-term induced resistance phenotype (MauchMani et al., 2017) , enhances the basal defence response reducing damage, but only occasionally leads to full immunity (Luna et al., 2014a) . Therefore, BABA-IR against B. cinerea should be integrated with other control measures to provide an effective protection strategy (Conrath et al., 2015; Luna, 2016) .
The fruit from plants treated with BABA after the formation of fruit were not more resistant to B. cinerea. In the case of the BABA Red treatment, the explanation for this is probably the lack of BABA accumulation in the fruit; ripened fruit are no longer sinks for metabolites and therefore BABA would not have been transported into these fruits. However, in the BABA Green treatment, BABA did accumulate in the red fruit but this did not lead to increased resistance. A possible explanation is that the BABA treatment led to direct induction of SAdependent defences in the tomatoes, triggering an extensive down-regulation of JA-dependent defences through hormonal crosstalk (Koornneef & Pieterse, 2008) .
The benefits of BABA-IR would be minimized if there were costs to yield or fruit quality associated with BABA treatment. Interestingly for the potential of use of BABA commercially, only transient alterations to development were observed. Treatment with BABA at the seedling stage delayed fruit formation, whereas treatment with BABA at both seedling and fruiting developmental stages delayed ripening. Alterations in development, as a result of the application of a priming stimulus, have previously been observed. Redman et al. (2001) demonstrated that application of the phytohormone and priming cue, JA, to tomato plants results in reduced fruit number and delayed fruit ripening. In addition, Luna et al. (2014b) detailed how Arabidopsis plants treated with BABA showed a transient growth reduction, with a lower fresh weight than control plants at 6 but not 28 days posttreatment. Therefore, treatments with priming-inducing chemicals can slow growth and/or alter development, with these effects being transient or permanent throughout the life of the plants. Additional fitness parameters assessed in this study included tomato diameter and percentage water content of fruit. For both, no differences were observed between the BABA treatment and water controls. This confirmed that BABA treatment did not reduce the quality of tomatoes and also that differences in resistance were not an artefact of BABA-induced changes in fruit diameter and water content. In summary, BABA treatment represents a potential strategy to reduce post-harvest losses with a minimal penalty in developmental parameters.
Treatment with BABA at the seedling stage induced changes in the metabolic profiles of red fruit. Overall these were fairly minor, which is similar to findings of previous studies looking at the metabolic alterations in the green tissue of Arabidopsis following BABA treatment (Pastor et al., 2014) and tomato following hexanoic acid application (Camañes et al., 2015) . However, those differences that were observed could have participated in the post-harvest resistance phenotype.
Lipids represented a substantial portion of the significantly up-regulated metabolites in the tomatoes of BABA-treated plants. Signalling and regulation of plant defence responses is known to involve lipids, including sphingolipids and lipid-derived metabolites, such as the major regulator of plant defence responses against necrotrophic pathogens -JA (Shah, 2005) . Furthermore, an accumulation of signalling molecules, allowing basal defences to be activated faster upon challenge, is a welldescribed hypothesis for the mechanism behind priming (Beckers et al., 2009; Pastor et al., 2013; Conrath et al., 2015) . Thus, the accumulation of lipids could act to prime defence mechanisms and, in turn, explain the induced resistance phenotype observed upon challenge with B. cinerea.
Secondary metabolites including alkaloids, terpenoids, and flavonoids were significantly up-and down-regulated in the fruit of BABA-treated plants. All have previously been reported to play roles in plant defence responses (Bartwal et al., 2013; Piasecka et al., 2015) and, therefore, probably play a role in the post-harvest induced resistance. For instance, all the groups are known to contain phytoalexins, antimicrobial/antiherbivory compounds that are synthesized and accumulated in response to challenge. Thus, many of the metabolites featured in the resistance fingerprint could play a role in the enhanced resistance against B. cinerea observed in fruit of BABA-treated plants.
In addition to the global metabolic analysis, a targeted study of phytohormones was carried out. SA and JA are the two phytohormones most readily associated with plant defence (Bari & Jones, 2009 ). However, neither varied significantly between treatments in this study, nor did other SA and JA conjugates that have previously been shown to accumulate during the priming phase (Camañes et al., 2012) . In contrast, differences were observed between treatments for the plant hormone ABA, which was significantly accumulated in the fruit of BABA-treated plants. During the ripening of tomatoes, ABA is known to accumulate and reach a peak just as the fruit begins to redden (Zhang et al., 2009) . In an antagonistic interplay with ethylene, ABA steadily declines as fruit mature and redden (Sun et al., 2012; Leng et al., 2014) . The fruit of BABA-treated plants were delayed in ripening and therefore, despite having turned red by the time of harvest, they could potentially still be at an earlier developmental stage. Thus, delayed development could explain the elevated ABA levels detected in the fruit of BABA-treated plants.
ABA has been associated with the defence response of tomato plants against B. cinerea (Asselbergh & H€ ofte, 2007) . It is therefore plausible that the increased resistance to B. cinerea in the fruit of BABA-treated plants may be a result of the delayed development and, consequently, the elevated ABA levels. However, the role of ABA in plant defence is highly controversial (Asselbergh et al., 2008; Ton et al., 2009) . For instance, Ton & Mauch-Mani (2004) concluded that BABA-induced callose deposition in Arabidopsis, which helped provide resistance against two necrotrophic pathogens, required an intact ABA-dependent signalling pathway. Furthermore, Asselbergh & H€ ofte (2007) concluded that ABA is required for callose deposition and therefore basal resistance against B. cinerea in tomato. However, the tomato ABA mutant, sitiens, which is impaired in ABA biosynthesis, has been shown to be more resistant to B. cinerea than wildtype plants (Audenaert et al., 2002) . In the present study, to clarify the role of ABA in the BABA-IR phenotype post-harvest, ABA was applied exogenously to harvested fruit one day prior to inoculation with B. cinerea. ABA treatment increased susceptibility in the fruit from plants that had been treated with water at the seedling stage, but not in fruit from plants pretreated with BABA. These results indicate that ABA has a BABA-dependent role in induced resistance.
The BABA-dependent role of ABA in induced resistance could arise from BABA's ability to prime multiple defence processes that are regulated by complex interacting signalling pathways. For example, in Arabidopsis, BABA independently primes SA-dependent defences (Zimmerli et al., 2000) and the cell wall defence, callose deposition (Ton & Mauch-Mani, 2004 ). Both mechanisms have been shown to play a role in resistance of tomato to B. cinerea (Audenaert et al., 2002; Asselbergh & H€ ofte, 2007 ), yet they are seemingly contradictorily regulated by ABA. Via negative crosstalk, ABA represses SA-dependent defences (Audenaert et al., 2002) , whereas, priming of callose deposition needs intact ABA signalling (Ton & Mauch-Mani, 2004; Asselbergh & H€ ofte, 2007) . Moreover, the role of exogenously applied ABA has been further linked to environmental conditions and the threshold of reactive oxygen species (ROS) in the cell (Luna et al., 2011) . In the present study, it is possible that elevated ABA in fruit suppressed SA-dependent defences leading to enhanced susceptibility of the controls. However, the fruit of BABA-treated plants did not suffer from ABA enhanced susceptibility as they were primed for callose deposition. Future work is required to dissect the exact role of ABA in BABA-IR in tomato fruit.
Chemical residues in fruit products are highly scrutinized by health authorities and legislation (European Parliament and the Council of the European Union, 2009). In the present investigation, analysis surprisingly detected traces of BABA in the fruit of plants treated at the seedling stage. Importantly, until very recently, BABA was thought to be a xenobiotic compound. However, it has now been shown to occur naturally in multiple different plant species (Thevenet et al., 2017) . Moreover, BABA has been shown to accumulate in plants after biological stresses, such as fungal pathogen infection (Thevenet et al., 2017) . Nevertheless, as the present work was based on artificial treatments with BABA, future work is required to evaluate the plausible implications on human health. Previous studies, carried out days after treatments with 14 C-labelled BABA, have suggested that BABA accumulates in aboveground tissue of Arabidopsis and tomato plants after root treatment (Cohen & Gisi, 1994; Jakab et al., 2001 ). The present study has confirmed that traces of BABA accumulate in fruit, suggesting that artificial BABA is not rapidly metabolized and so accumulates in plant tissue. Toxicity tests of BABA should be performed as BABA blocks its receptor protein in Arabidopsis, an aspartyl-tRNA synthetase (Luna et al., 2014a) , which is highly conserved among different organisms including humans. Moreover, BABA has been shown to be a partial agonist of the major mammalian inhibitory neurotransmitter glycine (Schmieden & Betz, 1995) . However, preliminary studies have shown BABA to have no effect on the behaviour or survival of mice treated with high concentrations (Cohen et al., 2016) .
In summary, BABA offers extraordinary opportunities due to its outstanding performance. First, BABA induces resistance in numerous plant species against a range of biotic (Ton & Mauch-Mani, 2004; Ton et al., 2005; Luna et al., 2016) and abiotic stresses . Secondly, BABA-IR is long lasting, as described here and in other publications (Slaughter et al., 2012; Worrall et al., 2012; Luna et al., 2014b Luna et al., , 2016 . Thirdly, BABA is a priming-inducing agent that provides a robust and consistent resistance response. Thus, BABA is an excellent tool to study the genetic and molecular mechanisms of priming to fully exploit this phenomenon. BABA-induced priming should play a leading role in the development of new strategies that exploit the plant immune system to ultimately produce sufficient food for the world's ever growing population. 
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